AND CONCLUSIONS 1. The extent to which heterosynaptic and prime-associative stimulation protocols generate different forms of long-term depression (LTD) was assessed in the lateral perforant path synapses terminating on dentate gyrus granule cells in pentobarbital-anesthetized rats.
INTRODUCTION
In the hippocampus, diverse paradigms have been used for inducing long-term depression (LTD) , but in general they can be categorized into two basic learning rules (Artola and Singer 1993; Christie et al. 1994) . First, LTD may arise when postsynaptic activity occurs in the absence of presynaptic activity, and this is referred to as activity-independent, or heterosynaptic, LTD. In contrast, activity-dependent (homosynaptic) LTD requires presynaptic activity as part of the induction procedure.
The lateral perforant path input to the dentate gyrus provides a useful monosynaptic system for studying both forms of LTD. Heterosynaptic LTD occurs reliably in lateral path synapses after tetanization of nearby medial path synapses (Abraham and Goddard 1983; Christie and Abraham 1992a; White et al. 1988) . Homosynaptic LTD can also occur in lateral path synapses after an associative stimulation paradigm whereby, after a brief episode of ~-HZ priming stimulation, single pulse stimulation of the lateral path is interleaved between tetanic bursts delivered to the medial path (Christie and Abraham 1992b) . Because the homosynaptic LTD of this nature requires a specific temporal association of activity in two paths, it has been termed "associative LTD" (Christie and Abraham 1992b; Stanton and Sejnowski 1989) . Heterosynaptic, but not associative, LTD in the dentate gyrus is completely inhibited by N-methyl-D-aspartate (NMDA) receptor antagonists (Christie and Abraham 1992a,b; Desmond et al. 199 1) , suggesting that these forms of plasticity may involve different initial induction mechanisms. However, the presence of pharmacologically distinct induction mechanisms does not necessarily mean that there are different expression mechanisms. The present experiments were designed to test whether different expression mechanisms underlie heterosynaptic and associative LTD.
METHODS
Adult male Sprague-Dawley rats (250-500 g) were anesthetized with pentobarbital sodium (65 mg/kg ip) and placed in a stereotaxic apparatus. All surgical and recording procedures were performed as previously described (Christie and Abraham 1992a) . Single pulse stimulation of the medial and lateral perforant paths elicited population excitatory postsynaptic potentials (EPSPs) , characteristic to each pathway, that were easily recorded as positive field potentials in the hilar region (Christie and Abraham 1992a; McNaughton and Barnes 1977) . In all cases the lateral path was used as the test pathway to assess LTD.
Single pulse stimuli of fixed amplitude and duration (150 ps) were delivered at 10-s intervals, alternating between the medial and lateral perforant paths. Theta-burst conditioning stimulation (TBS) consisted of eight stimulus trains of 2-s duration, spaced 30-60 s apart. Within each conditioning train the stimuli occurred as a burst of five pulses at 100 Hz, repeated at 200-ms intervals. The pulse duration of each stimulus was increased to 250 ps during conditioning. TBS was delivered to the medial path to induce heterosynaptic LTD in the lateral path. Priming stimulation, when used, was given only to the lateral path and consisted of 8 trains of 10 pulses presented at 5 Hz, with 30-60 s between trains. Priming stimulation was given only before the associative protocol, because it has been previously demonstrated that priming stimulation does not facilitate heterosynaptic LTD (Christie and Abraham 1992b) . For the associative protocol, TBS was delivered to the medial path, and single pulse stimulation was delivered to the lateral path between the tetanic bursts of stimuli administered to the medial path. Examples of each of the conditioning protocols employed are shown in Fig. 1 .
The initial slopes of the recorded EPSPs were measured and averaged across 5-min epochs for analysis purposes. All EPSP slope data in the text are presented as the mean percent change from baseline 2 SE of the mean, 30 min postconditioning. RG. 1. Illustration of the stimulus protocols used to induce long-term depression (LTD) . Ai: heterosynaptic LTD was induced in the lateral path by administering 8 theta-burst conditioning stimulation (TBS) trains to the medial path. Calibration bar: 200 ms. Aii: robust LTP of the medial path but relatively weak LTD of the lateral responses were observed after 1 administration of the heterosynaptic protocol (H) . Both effects were reliable and persistent, however. Aiii: averaged lateral path evoked responses measured before (larger response) and 30 min after the heterosynaptic protocol. Each waveform is the average of 10 responses. Bi: illustration of the prime-associative stimulus protocol, involving 8 TBS trains to the medial path and ~-HZ pulses to the lateral path both before the TBS (priming) as well as out-of-phase with each medial path stimulus burst. Bii: priming stimulation (P) by itself had no consistent effect on medial or lateral path responses, but subsequent associative stimulation caused a robust lateral path LTD. Biii: lateral path waveforms illustrating associative LTD, as in Aiii. Calibration bars for both Aiii and Biii: 3 mV, 5 ms.
RESULTS
Lateral path synapses exhibit both heterosynaptic and associative LTD Administration of TBS conditioning trains to the medial path alone (heterosynaptic protocol) produced a small but significant LTD of lateral path responses (-9.0 t 2.0%, mean t SE; n = 9; P < 0.005; Fig. 1A ). When the lateral path was first primed, and then the associative protocol administered, the lateral path again displayed LTD, but this was considerably more robust than the heterosynaptic LTD (-22.1 t 4.5%; n = 7; P < 0.005; Fig. 1B ). The LTD induced by this associative protocol was significantly greater than that after the heterosynaptic protocol (P < 0.05). These differences in lateral path LTD produced by the two protocols were not related to the degree of medial path LTP, which did not significantly differ (heterosynaptic protocol: 23.1 t 3.2%; prime-associative protocol: 20.7 t 4.5%). These data replicate the primary findings of our previous study in which the possibility was raised that two forms of LTD may occur in the lateral path (Christie and Abraham 1992b).
protocol. In the seven animals tested with this procedure, -23.9% LTD was observed after the first associative protocol, with only a slight further depression to -25.7% LTD after the second, indicating saturation of associative LTD. When the heterosynaptic protocol was delivered, no additional LTD was observed ( -0.3 t 1.5% change; Fig. 2 , top and bottom panels). Thus saturation of associative LTD completely occluded the induction of further LTD by the heterosynaptic protocol.
The occlusion test was also performed in the other direction in a different set of animals. Heterosynaptic LTD in the lateral path was saturated by administering three episodes of TBS at 15-to 30min intervals to the medial path. Here the degree of heterosynaptic LTD in the lateral path following the second protocol was -23.3%, and this LTD was not increased after the third protocol ( -23.2 t 2.6%)) demonstrating saturation of the heterosynaptic LTD (n = 7). Subsequently, when the lateral path was primed and the associative protocol was administered, there was a small but significant additional LTD produced (-5.9 t 0.9% change, n= 7, P < 0.05 paired t-test; Fig. 2 , middle and bottom panels). This associative LTD that occurred after saturation by the heterosynaptic protocol, however, was much less than Saturation and occlusion of LTD that normally observed in naive pathways after one set of conditioning trains (22%, Fig. 1B ). Thus the induction and If the heterosynaptic and associative stimulation protocols saturation of heterosynaptic LTD substantially, but not cominduce LTDs with common mechanisms, then saturation of P letely, occluded LTD induction by the associative protocol. associative LTD should occlude the induction of heterosynaptic LTD, and vice versa. This possibility was tested first DISCUSSION by delivering the prime-associative protocol twice at 15-A previous study of lateral path LTD indicated that the min intervals, followed 30 min later by the heterosynaptic induction of heterosynaptic and associative LTD was differ- Here an -5% extra LTD occurred reliably across animals, an effect that was statistically significant by paired t-test, n = 7. entially sensitive to NMDA receptor blockade and prior priming stimulation (Christie and Abraham 1992b). The differences in LTD induction raised the possibility that more than one mechanism for LTD expression also exists. The present experiments, however, support more strongly the alternative hypothesis that LTD involves a single set of expression mechanisms, regardless of the induction procedures ( Artola and Singer 1993 ) . For example, saturation of LTD by the associative protocol completely occluded subsequent LTD induction by the heterosynaptic protocol. Furthermore, occlusion also occurred in the reverse direction, although in this case a small additional LTD ( -35% of the expected LTD) developed in response to associative stimulation after saturation by the heterosynaptic protocol. This may reflect the contribution by an additional mechanism elicited by the associative protocol. Alternatively, it may simply reflect a slightly larger pool of synapses being depressed after associative conditioning ; than after heterosynaptic conditioning, for which the spatial extent of LTD is constrained. In any case, the data clearly support the hypothesis that the expression mechanisms underlying so-called heterosynaptic and associative LTD are largely the same. A caveat that must be kept in mind, however, is that, although saturation-occlusion experiments of this sort have been widely used in the literature to identify common LTP mechanisms, the possibility always exists that one type of induction protocol may somehow cause a persistent inhibition of the induction mechanisms associated with the second protocol.
Our data support the hypothesis that divergent induction mechanisms for LTD converge onto a common set of expression mechanisms ( Artola and Singer 1993) . In this model, the point of convergence is a moderate rise in postsynaptic calcium concentrations. We have shown previously that a likely critical source of calcium in the case of heterosynaptic LTD is via voltage-sensitive calcium channels (Christie and Abraham 1994; Wickens and Abraham 199 1) . However, the details of this hypothesis require further testing. For example, it remains to be demonstrated whether calcium is a critical trigger for LTD generated by the associative protocol, and furthermore, whether the convergence occurs at this point or downstream at the level, for example, of protein kinase and phosphatase activity.
